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Overview15 Years of Neuron Cell Biology
sciently that “cellular and molecular neurobiology haveMorgan Sheng*
The Picower Center for Learning and Memory reached a period of explosive growth, fueled by powerful
experimental tools that have only recently become avail-Howard Hughes Medical Institute
RIKEN-MIT Neuroscience Research Center able.” Of course, they had in mind recombinant DNA
technology. Although DNA cloning predated the 1980s,Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 the impact of molecular biology in neuronal cell biology
has been steadily growing in the past couple of decades
and is now an indispensable tool that is available to anyIntroduction
A lot has happened in the world since the first issue of interested investigator. The ability to clone, express, and
mutate specific proteins in neurons is the bread-and-Neuron hit the newsstands in March, 1988. At that time,
Ronald Reagan was the fortieth president of the United butter of the field, its power so mundane that it barely
registers in the consciousness or in Experimental Proce-States, and another year and a half would pass before
the fall of the Berlin Wall. Linda Ronstadt, Prince, and dures.
Less predictable fifteen years ago was the sequencingGuns N’ Roses were popular, and Michael Jackson was
No. 1 on the US singles chart. The Dow Jones Industrial of the genomes of Drosophila, Caenorhabditis elegans,
human, mouse, and other species, which defined entireAverage (now 9500) stood at 2100.
Like the stock market, neuroscience has taken off catalogs of genes underlying whole organisms, not just
neurons. This is akin to finding out the earth is roundduring the fifteen years of Neuron’s existence. Inherently
a holistic but multidisciplinary subject, neuroscience has and finite. Now at least we know the extent of the geog-
raphy we are exploring, even though large areas areseen breathtaking advances in all of its aspects. But
nowhere has the progress been greater than in neuronal unvisited. Armed with this knowledge, molecular and
cellular neurobiologists can now concentrate on the jobcell biology, the subfield of neuroscience that deals with
the structure and function of neurons at the molecular of characterizing the structures, functions, and interac-
tions of specific genes (30,000 in mammals, of whichand cellular level. This area was a major focus of the
journal Neuron at its inception, and it is now the subject probably at least half are expressed in the brain), rather
than trying to seek the edge of the world.of review in this special issue celebrating Neuron’s fif-
teenth birthday.
Location
Technology In cell biology, as opposed to biochemistry, the three
One way to measure the progress in neuroscience is to dimensions of space (“location, location, location”) are
consider how much more demanding the requirements of critical importance. Neurons exemplify this principle
have become for publication in a journal like Neuron. with their gorgeously intricate architectures. Our under-
Experimental results that these days accumulate in standing of the form and function of neurons has been
“Supplemental Data” on the web seem equivalent in boosted by primary culture techniques that allow brain
quantity and depth to the contents of entire articles cells to reproduce in vitro their normal morphological
of that previous era. (Or at least, this is the frequent features and the specialization of subdomains, such as
observation of successive generations of trainees.) But growth cones, nodes of Ranvier, dendritic spines, and
it is worth bearing in mind how much technological inhibitory and excitatory synapses.
transformation has occurred in the world since the late Primary culture of neurons, and particularly central
’80s. When Neuron was first published, personal com- neurons, has always been more difficult and fussy than
puters were uncommon and e-mail and the Internet were culturing nonneural cells and did not become routine
unheard of. Today, it is hard to imagine how we could until the 1990s (Banker and Goslin, 1998). Dissociated
have done science without electronic literature searches, culture disperses neurons into a two-dimensional layer,
sequence database mining, image analysis software, making it easier to analyze specific morphological pa-
and bibliography managers. In our modern environment, rameters (such as density of synapses, growth of axons
overflowing with information, one is expected to derive and dendrites, and morphogenesis of dendritic spines)
more value from the raw data. No wonder then that the and to identify the exquisite and differential subcellular
DNA/protein sequence and RNA expression pattern that targeting of specific macromolecules. Despite obvious
comprised the core of a Neuron paper in 1988 is now shortcomings of the in vitro preparation, primary neuron
relegated to “data not shown”. culture has become an indispensable tool in neuronal
In addition to computing power, technological ad- cell biology, especially when combined with the ability
vances in biological research methodology also acceler- to transfect genes and dominant-negative constructs
ated the progress of neuronal cell biology. In the editorial into neurons to address the functions of specific pro-
accompanying the first issue of Neuron, the founding teins in their native cellular context.
editors Zach Hall, Eric Kandel, Jim Hudspeth, and Lou Neurons establish axons and dendrites, and these
Reichardt (soon to be joined by Lily Jan and Roger Nicoll) compartments accumulate different proteins and sub-
argued for the creation of a new journal, declaring pre- serve distinct functions. How is neuronal polarity and
subcellular specialization achieved? This is a fundamen-
tal cell biological question (reviewed in this issue by*Correspondence: msheng@mit.edu
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Horton and Ehlers [2003]) that applies to all cell types, images obtained from different samples. Dynamic redis-
tribution of individual molecules and rapid motility offrom yeast to neurons. For nerve cells, the practical
difficulties of polarization and subcellular specialization cellular structures have been observed not only during
development but also in mature neurons. An exampleare magnified by distance—a formidable “supply line”
problem is presented by the remoteness of the cell body of the power of live imaging is provided by studies of
the formation of excitatory synapses (reviewed by Goda(where most of the goods are manufactured) from the
terminals of dendrites and axons (where they are used). and Davis [2003]). It turns out that functional synapses
can be assembled on the timescale of an hour, possiblyGoldstein’s review discusses a class of molecular mo-
tors involved in long-distance transport and how “over- in part from prefabricated building blocks containing
large complexes of relevant proteins. Moreover, evenstretched” neurons might be particularly vulnerable to
certain diseases when subcellular communications are after the synaptic junction is established and functional,
its component proteins remain in flux. This is most obvi-sabotaged (Goldstein, 2003).
One way to get around the transport problem is to ous in the presynaptic terminal, where an orchestrated
sequence of protein and membrane interactions under-manufacture the goods on site. But there are disadvan-
tages to this strategy, which is probably why neurons lies the synaptic vesicle cycle (for details, see review by
Stevens [2003] in this issue).synthesize only a minority of their proteins locally in
dendrites or axons. Nevertheless, compartmentalized More surprising is the dynamism of proteins in the
postsynaptic density (PSD), the electron-dense plaquesynthesis (and degradation) of specific proteins does
occur, and this provides neurons with a form of “local attached to the postsynaptic membrane. At least to
this prejudiced viewer, electron micrographs alwaysgovernment” to modify the structure and function of
distant processes independently of the cell body (see seemed to portray the PSD as a structure of archetypal
stability. However, time-lapse imaging, backed by elec-review by Steward and Schuman [2003]).
Nothing illustrates the principles of protein localiza- trophysiological and biochemical experiments, now paint
a different picture in which many components of thetion and subcellular specialization better than neuronal
synapses. Synaptic transmission depends on the con- postsynaptic density are highly mobile. In particular,
AMPA-type glutamate receptors (which mediate mostcentration of specific proteins (such as neurotransmitter
receptors) at synaptic sites and their segregation be- of the postsynaptic current response to presynaptic glu-
tamate release) cycle in and out of the postsynaptictween different kinds of synapses. Inhibitory and excit-
atory synapses, containing different sets of proteins, membrane, even in basal conditions. The cell biological
mobility of AMPA receptors allows for rapid modifica-are present and functional within a few microns of each
other along the same dendrite. The cell biology of syn- tions of synaptic strength by changing the rates of re-
ceptor delivery to and/or removal from the synapse (seeapses has surged forward in the past fifteen years, cata-
lyzed by the cloning of neurotransmitter receptors and review by Bredt and Nicoll [2003]).
Just as molecules translocate into and out of PSDs,their associated proteins. Cultured neurons form func-
tional inhibitory and excitatory synaptic connections, dendritic spines (the morphological compartment that
houses the PSD) also show dynamic changes in shapethough synaptic plasticity is typically less robust in vitro.
Nevertheless, some aspects of neuronal communication and number. Time-lapse microscopy has captured im-
ages of dancing spines and the emergence of new den-can be studied “close up” in neuron culture, where the
underlying physiological processes and molecular mecha- dritic protrusions following NMDA receptor stimulation.
It is believed that a dynamically remodeling actin cy-nisms can be visualized and dissected more conveniently
than in the intact brain. The tremendous progress in our toskeleton underlies the motility of dendritic spines (Ma-
tus, 2000). The axon growth cone is another importantunderstanding of synaptic development, transmission,
and signaling is reviewed in this issue by Goda and structure whose dynamic behavior depends on cy-
toskeletal rearrangements that are regulated by externalDavis (2003), Stevens (2003), Bredt and Nicoll (2003),
Fivaz and Meyer (2003), and Augustine et al. (2003). cues; this subject is discussed by Dent and Gertler
(2003) in this issue.
The dynamics of neuronal cell biology has been stud-Timing
ied mostly in culture, and it remains unclear how fully itLocation isn’t everything. You have to be in the right
applies to neurons in vivo. The lifestyles of neuronsplace at the right time. For the temporal dimension of
could be more subdued in the cramped three-dimen-cell biology, the radical technology has been time-lapse
sional neuropil of the brain. Recent time-lapse experi-microscopy. In the last decade or so, “live” movies
ments with GFP transgenic mice indicate that spine mo-showing the morphogenesis of neurons or proteins
tility and turnover does occur in the anesthetized mousetranslocating within neurons have become increasingly
brain, albeit to a lesser extent than in vitro and decreas-popular. In both cases, the ability to label individual
ing in degree as the animal matures (Trachtenberg etcells or tag specific proteins with genetically encoded
al., 2002; Grutzendler et al., 2002). Much work remainsfluorophores, such as green fluorescent protein (GFP),
to be done to characterize and quantify the dynamicshas transformed our view of neurons.
of neuronal structures and molecules in situ, and thisStill pictures of a living scene, such as the images of
should be aided by ongoing advances in multiphoton mi-fixed specimens obtained by electron microscopy (EM),
croscopy.can be captivating and informative but they mask the
dynamism that is the essence of life. In many cases,
time-lapse imaging of the same living cell has revealed Connections
To succeed in life, being in the right place at the rightthat neuronal structures are much more dynamic than
previously inferred from a “temporal series” of static time is helpful, but having the right connections is criti-
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cal. Making connections is not just the prerogative of all levels of which are constantly reorganizing through
neurons—proteins within neurons also connect with protein translocation and turnover.
each other to form networks. For proteins in cells, mak-
ing specific connections is how they get to the right Genetics
place at the right time. Through specific protein-protein As discussed above, neuronal cell biology has been
interactions, functionally related proteins bind to each transfigured by recent advances in molecular biology,
other and congregate at specific subcellular sites. Mem- neuron culture and transfection, live imaging, and pro-
brane ion channels are compact examples of functional tein interaction biochemistry. Nevertheless, genetic ap-
protein complexes with specific localization and are typ- proaches have retained their unique value. Forward ge-
ically composed of pore-forming transmembrane sub- netics in particular has the advantage of being unbiased
units and accessory proteins. The field has moved from and has the potential to open up unpredicted avenues
the cloning of ion channel subunits (which was the rage of research.
in the early days of Neuron) to increasingly structural Genetics itself has benefited from advances in molec-
and cell biological issues. Deutsch (2003) reviews the ular biology and imaging. The advent of GFP labels has
recent progress in how ion channels are assembled and greatly increased the specificity and sophistication of
conveyed to the plasma membrane. genetic screens that can be done for cell biological func-
Another function of protein complexes is to bring com- tions. For instance, as discussed by Jan and Jan (2003),
ponents of signaling pathways into close proximity, expressing GFP to visualize the dendritic morphology
thereby increasing the efficiency of signal coupling. For of specific subsets of peripheral neurons in Drosophila
instance, scaffold proteins in the PSD link NMDA recep- has allowed investigators to isolate both known and
tors to specific downstream effectors (such as neuronal novel genes that are important for establishing the den-
nitric oxide synthase and the Ras-MAP kinase pathway) dritic arborization pattern of neurons. As noted a century
(Sheng and Kim, 2002). They also serve to bring up- ago by Ramon y Cajal, the dendritic morphology of neu-
stream regulators, such as protein kinases and protein rons is one of the most beautiful hallmarks and distin-
phosphatases, close to the receptor that they phosphor- guishing features of different classes of brain cells. Un-
ylate or dephosphorylate (Carnegie and Scott, 2003). raveling the molecular genetic basis of the specific
Protein interactions can determine the specificity of “dendro-prints” of neuron subtypes could offer an in-
signaling. Calcium is a ubiquitous intracellular second road into understanding the different functions of the
messenger in neurons, but calcium influx through NMDA myriad cell types in the nervous system.
receptors or voltage-gated calcium channels lead to GFP tagging of specific synaptic proteins (thereby
different cellular responses. Almost certainly, this is be- lighting up synapses in transgenic flies and worms) has
cause different signaling complexes are attached to also proven to be useful for screening for genes that
NMDA receptors and voltage-gated calcium channels affect synapse formation, growth, and stability (see re-
such that calcium encounters different signaling pro- view by Goda and Davis [2003]). In this way, genetic
teins at different points of entry. Thus, protein com- approaches have complemented biochemistry and
plexes assembled at specific subcellular sites define electrophysiology in unraveling the mechanisms of syn-
local molecular microenvironments and hence func- apse function and development.
tional microdomains within neurons. The theme of local-
ized signaling and its mechanisms are discussed in Partnerships
greater detail by Augustine et al. (2003) and Fivaz and
Perhaps reflecting the bias of the field, this overview of
Meyer (2003) in this issue.
neuronal cell biology has so far expended more than
Technical advances (e.g., yeast two-hybrid system,
2000 words without a mention of glia. But just as proteinsproduction of bacterial fusion proteins, surface plasmon
require multiple interacting proteins to perform theirresonance, fluorescence resonant energy transfer [FRET])
function, so too do neurons need cellular partners. Therehave made protein-protein interactions easier to study
is an increasing awareness of the importance of glialin quantitative fashion, in high throughput, and in living
cells in neuronal function and a growing suspicion thatcells. The emerging picture is that all proteins interact
we only know the tip of the iceberg in this respect. A caseto some extent with other proteins (no polypeptide func-
in point is synaptic transmission—this quintessentiallytions in complete isolation), and some make contact
neuronal activity depends critically on the beneficencewith other proteins rather promiscuously. In this way,
of glial cells. The involvement of glia in synapse develop-the entire proteome within a cell can be thought of as
ment and function gets deserving attention in the reviewa vast multinodal network in which probably any given
by Auld and Robitaille (2003).protein can be connected to every other protein via a
A more obvious example of neuron-glia partnershipsmall number of protein-protein interactions. Insofar as
is in formation of the myelin sheath and the associatedproteins are mobile and their interactions transient, this
nodes of Ranvier in axons. The cell biology of myelina-network should be considered flexible and adjustable,
tion beautifully illustrates the concepts of subcellularrather than rigid and hardwired. As we learn more about
specialization and protein targeting, as well as protein-the ephemeral nature of protein interactions and the
protein and cell-cell interactions (see review by Salzerrapid turnover of protein complexes, the essence of
[2003]).protein organization within organelles and cells is be-
coming more “sociological” than machine-like. In this
Birth and Deathmetaphor, the dynamic society of cellular proteins (the
The cell biology of neurons begins with the birth andproteome) consists of numerous local protein neighbor-
ends with the death of the cell. During development,hoods (functionally specialized microdomains) linked by
busy highways (motor proteins on cytoskeletal tracks), postmitotic neurons are generated from the division of
Neuron
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neuroblasts. The process of neurogenesis and its rela- higher brain function will come from the study of neuro-
logical and psychiatric disorders. Specific genes aretionship to the cell cycle is reviewed by Ohnuma and
Harris (2003) in this issue. This subject is becoming being identified as causal or modifying factors for brain
diseases, and the functions of these genes will be char-highly topical as neural precursor cells are found in cer-
tain regions of mature mammalian brain and as they acterized initially at the molecular and cellular level. One
example is Fragile X syndrome (an inherited form ofare entertained as possible treatments for degenerative
neurological disorders (Gage, 2000). mental retardation), which is caused by mutations in an
RNA binding protein that may regulate dendritic mRNALife comes to an end in many ways. Neurons can die
peacefully and tidily (by apoptosis) or more violently (by transport/translation and spine morphology (Jin and
Warren, 2003). Another is a familial form of Parkinson’snecrosis), depending in part on the nature of the death-
inducing stimulus. Vast numbers of neurons die during disease, which is caused by mutations in Parkin, a pro-
tein involved in degradation of neuronal proteins via thenormal development and aging of the brain, and more
do so in response to physical and chemical insults and ubiquitin-proteasome system (see review by Ciecha-
nover and Brundin [2003] in this issue). Identificationin association with neurodegenerative diseases. The
spectrum of mechanisms by which neurons can termi- of disease genes and their characterization at the cell
biological level will not only shed light on the pathogene-nate their existence is discussed by Yuan et al. (2003).
Controlling these mechanisms of neuronal death offers sis of disease, but will provide stepping stones from
which to study brain functions at the systems level.great potential for treatment of acute and chronic
brain illnesses.
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